To investigate the effects of pre-oxidized myofibrillar protein (MP) on stability of heat-induced MP gelation throughout 28 days of refrigeration, a hydroxyl radical generating system (10 μM FeCl 3 , 0.1 mM ascorbic acid, with 10 mM H 2 O 2 ) was employed. Results demonstrated that an increase of carbonyl content followed a similar trend in both pre-oxidized and nonoxidized protein gels. Unexpectedly, pre-oxidized protein gels yielded increased (P < 0.05) hardness at 14 days of storage compared to the initial day of storage. The water holding capacity (WHC) had a significant positive correlation with gel hardness, percentage of immobile water, and T 22 , while having a negative correlation with carbonyl group content and T 23 (P < 0.01). These results suggest that the pre-oxidation treatment increases the susceptibility of MP gel matrices to undergo oxidation and thus provides a better comprehension of the consequences that in vitro pre-oxidation treatments have on protein matrix systems.
Introduction
Meat product qualities, such as textural characteristics and product yields, are largely dependent on the molecular interactions from components such as myofibrillar proteins (MP), which biophysical and biochemical interactions can be influenced by numerous disturbances. [1] Food processing can play a major role in this disturbance of MP integrity. Some of these changes can be traced by to the oxidation of the amino acid moieties constituting MP. [2] The accumulation of such changes can impact on the surrounding microstructural environments. Consequently, isolated MP provides useful models for investigating the mechanisms of altered functionalities, especially the water holding capacity (WHC) of meat products during storage. [3] Protein oxidation can be determined by the modification of protein structure through a decrease of tryptophan fluorescence, peptide scission, and the formation of intra-and inter-molecular crosslinks, which result in the loss of protein functionality. [4] [5] [6] [7] The loss of such functionalities can result in increased water losses, protein fragmentation or aggregation, decreased solubility, and weaker protein gel formation. [8] Debatably, several studies have indicated that mild-to-moderate oxidation can actually promote the gelation of MP. [9] Carbonyl formation has been emphasized as one of the most significant modifications in oxidized proteins. [6] Protein carbonylation refers to the formation of carbonyl moieties from alkaline amino acids (lysine, arginine and/or proline) due to reactions resulting from oxidative stress. This process is irreversible and non-enzymatic. [10] The preservation of foods through cold refrigeration has historically been the most common method for the maintenance of meat products, but unfortunately it eventually leads to undesirable biochemical changes. It has been previously reported that the Fenton-system, which is normally employed as a means to generate reactive oxygen species (ROS) to induce carbonylation and other covalent chain links, can produce modifications similar to what one could expect from refrigerated muscle. [11] This system accomplishes the generation of ROS through a hydroxyl radical-generating system (HRGS), which utilizes a combination of metal ions with ascorbic acid and hydrogen peroxide. [12] [13] [14] These generated ROS, such as hydroxyl radicals, perpetuate oxidation reactions by abstracting a hydrogen atom from adjacent amino acid side chains present in the given system. [15] After the amino acid residues have been subjected to oxidative reactions, their positions within protein structures are markedly affected. [16] Hence, we hypothesize that the degradation of functionality of pre-oxidized and non-oxidized MP gels as a result of refrigeration will be different.
Many studies have provided information on the oxidative modifications occurring in meat proteins during the storage of meat. [17, 18] However, although the oxidative-stress has been widely used for the modification of protein functionality, the oxidative stability of the protein gels prepared by such modified protein has not been widely investigated. Therefore, the objectives of this study were to examine how oxidative modifications could 1) change the oxidative stability of MP gels, and 2) affect the gelation and water distribution properties of MP gels during refrigeration storage.
Materials and methods

Chemicals and materials
Eight Wuhua three-yellow chicken (Gallus gallus domesticus, male) were purchased from a local farm (Wenshi Livestock and Poultry Co. Ltd., Nanjing, China) and subsequently slaughtered in a humane manner according to the guidelines of care and animal use from the Jiangsu Provincial Academy of Agricultural Sciences and the Laboratory of Animals at Nanjing Agriculture University (Nanjing, China) to minimize pain and the number of birds utilized. The license number for the farm was SCXK (Su) 2002-0029. After slaughter, the breast muscle (musculus pectoralis major) was immediately removed and cooled on ice. The tissue was then sealed in plastic bags and stored at 0~4°C for 24 h until further processing. Bovine serum albumin (BSA) was purchased from Sigma Chemical Co. (St. Louis, MO, USA), while other chemicals were of analytical grade.
Myofibrillar protein extraction
Myofibrillar proteins (MP) were extracted according to the method described before, [19] with slight modifications. Briefly, the raw tissue was chopped in a pre-cooled meat-mincer (Waring blender, GM 200, Retsch, Germany) at a speed of 4,000 rpm for 20 s. The breast mince was washed thrice with 6 x (w/v) of phosphate buffer solution (PBS) buffer (0.1 M NaCl, 2 mM MgCl 2 , 1 mM EGTA, 10 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7.0), and then homogenized (T 25 digital, IKA Ltd, Germany) for 30 s at 10,000 rpm before centrifugation (Beckman Coulter model Avanti J-26SXP, Beckman Instruments Inc., USA) at 3,000 × g for 15 min. The pellet was then washed three times with 6 × 0.1 M NaCl using the aforementioned procedure. Before the last centrifugation, the suspension was filtered through four layers of cheesecloth and the pH was adjusted to 6.0 with aliquots of 0.1 M HCl. The final MP pellets were kept in tightly capped bottles and stored at 4°C before further use (within 5 h). The protein concentration of the extracted MP was measured using the Biuret method [20] with BSA as standard.
Protein oxidation
The obtained MP was diluted with 15 mM PIPES buffer (0.6 M NaCl, pH 6.0) to attain a final protein concentration of 20 mg/mL. Then, MP suspensions were pre-oxidized with HRGS (0.01 mM FeCl 3 , 0.1 mM ascorbic acid, 10 mM H 2 O 2 ) at 4°C, for 24 h. To stop the reaction, 1 mM (final concentration) of EDTA was added into the system. After 20 min, 4 x (V/V) 20 mM PBS (0.1 M NaCl, pH 7.0) was added prior to centrifugation (Beckman Coulter model Avanti J-26SXP, Beckman Instruments Inc., USA) at 2,000 × g for 15 min. The PBS washing and centrifugation procedure was replicated and the precipitate was collected as the pre-oxidized protein groups. A non-oxidized MP suspension was treated without the addition of the HRGS but only EDTA as the control. Protein concentrations were measured by the Biuret method and the final content of NaCl was adjusted to 0.6 M. All proteins were used within 8 h. Each measurement was performed in triplicate.
Experimental design and gelation preparation
The MP samples of 9 mL (for determination of texture and carbonyl content), 4 mL (for determination of microstructure), 1.5 mL (for determination of WHC) and 2 mL (for determination of Low-field NMR) were transferred to 10 mL beakers, 5 mL beakers, 2 mL capped plastic centrifuge tubes and NMR tubes (40 mm × 13 mm, height × diameter), respectively. Except that the samples of 5 mL beakers had fifteen, others were all thirty. The beakers and tubes were then incubated in a water bath (ZKSY-600, Keer Co.Ltd, Nanjing, Jiangsu Province, China) for 20 min at 20°C. These samples were then heated from 20°C to 90°C with a heating rate set at 1.5°C/min and was subsequently kept at 90°C for 20 min. Samples were cooled at room temperature (25°C), then randomly assigned to 5 groups and stored at 4°C for future use. All assessments were conducted at specific sampling times in order to determine stability of MP gels during refrigeration at 0, 7, 14, 21 and 28 days.
Carbonyl content
The carbonyl contents of heat-induced gels were measured using the procedure described by Levine et al. and Xing et al., [21, 22] with slight modifications. Diluted gels (10 mg/mL protein concentration) with 20 mM PBS (0.6 M NaCl, pH 6.5) were homogenized (T 18 digital, IKA Ltd, Germany) and reacted with 10 mM DNPH at room temperature for 1 h (about 25°C), and that with 2 M HCl and 10 mM DNPH served as controls. The carbonyl content was measured by a microplate reader (Shimadzu, Japan) and calculated at the peak absorbance of 370 nm using an absorption coefficient of 22,000 M −1 cm −1 . The protein content was determined by reading the absorbance at 280 nm with BSA as standard. The carbonyl contents were expressed as μmol/g protein.
Water holding capacity (WHC)
The WHC was measured according to a previously established procedure. [23] Heat-induced MP gels were centrifuged at 10,000 × g for 10 min at 4°C. The following formula was used to determine WHC:
Note: ML is the amount (g) of moisture lost from the gels after centrifugation while CG is the initial weight (g) of gels.
Instrumental textural analyses
Gels were penetrated with a flat-faced stainless steel probe (5 mm diameter) attached to a Model TAXT plus texture analyzer (Stable Micro Systems Ltd., TA .XT .plus, U.K.) at a test speed of 0.3 mm/s. Pre-and post-test speeds were controlled at 1.00 mm/s. The strain of the compression was set at 50% with a trigger force of 4 g.
Microstructure
Gel microstructure was examined through scanning electron microscopy (SEM) according to the method of Han et al. with slight modifications. [24] Briefly, gels from the 5 mL glass beakers were fixed in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.3) for 24 h at 4°C. These samples were then cut into 3 mm × 3 mm × 2 mm pieces and further diluted by 0.1 M PBS (pH 7.2) three times. Shortly thereafter, samples were dehydrated using incremental ethanol solutions and then transferred into tertiary butyl. Each sample was subsequently freeze-dried and coated with gold to achieve a 10 nm thickness. Samples were observed on a scanning electron microscope (S-3000N, Hitachi, Tokyo, Japan) with the accelerating voltage of 15 kV and a magnification of 3000 × . Three images were obtained for each sample.
Low-field NMR
A low-field 1 H NMR analysis of the relaxation times for protein gels was conducted according to a previously established method. [25] Samples were then equilibrated and kept at room temperature (25°C) before measurements. All sample analyses were conducted on a Niumag Benchtop Pulsed NMR analyzer (MicroMR; Niumag Electric Corporation, Shanghai, China). Transverse relaxations (T 2 ) were conducted using the Carr-Purcell-Meiboom-Gill (CPMG) sequences. During measurements, the operation temperature was at 32°C while the resonance frequency was 22.48 MHz with a repetition-time of 11 ms and echo-time of 400 μs. Eight scans were performed for each measurement and a total of 18,000 echoes were collected and fitted with the program MultiExp Inv Analysis (Niumag Electric Corporation, Shanghai, China). Relaxation times (T 2b , T 21 , T 22 and T 23 ) and their corresponding water populations (P 2b , P 21 , P 22 and P 23 ) were recorded. Each sample was replicated 6 times.
Statistical analyses
Each experiments was repeated three times (n = 3). The three batches of myofibrillar proteins were prepared on different occasions. Reported results represent an average of each experiment assay. Statistical analyses were conducted using SPSS statistics 20.0 (IBM, Armonk, NY, USA). The effects of storage time on protein gelation properties were studied through a general linear model procedure. The differences between least-squares means were determined using an LSD test (P < 0.05). Student's t-tests were used to study the effects of oxidation treatment on gelation properties. Relationships between parameters were calculated using Pearson's correlation coefficients.
Significance was inferred when the results were within the 95% confidence level (P < 0.05).
Results and discussion
Carbonyl content
Carbonyl content measurements (DNPH assay) revealed an increase in carbonylation during the storage of MP gels. As shown in Figure 1 , protein gels prepared from the oxidatively stressed MPs had higher susceptibility to oxidation during refrigeration (to 21 storage days), when compared to non-oxidized samples, as seen by the greater rate of carbonyl formation. For the pre-oxidized and non-oxidized groups, the carbonyl contents increased from 2.07 and 1.73 nmol/mg, at 0 days, to 3.73 and 2.69 nmol/mg, at 21 days, respectively. However, from 21 days to 28 days, the carbonyl content of pre-oxidized protein gels exhibited no significant difference (P > 0.05), indicating relatively less carbonylation among protein gels at the final refrigeration storage stage or a balance between protein carbonylation and involvement of pre-formed carbonyls in further reactions. The carbonyls were plausibly formed by: 1) direct oxidation of the side chains of amino acids such as lysine, arginine, and proline; 2) secondary carbonylation intermediates, such as threonine oxidized to amino-3-ketobuyric acid, and 3) oxidative peptide scission events. [26, 27] It has previously been reported that the oxidative deamination of amino acid side chains is the primary means of the formation of carbonyl groups in meat proteins, among ferric/ascorbate ROS generating systems. [28] Previous studies report that freezing meat prior to its processing could potentially deteriorate oxidative stability. [29, 30] One plausible explanation for this phenomenon relies on the formation of ice crystals during the freezing of meat; the formed ice crystals damage the meat tissues in concurrence with proteolysis. Our results demonstrate that protein pre-oxidation largely impacted the qualities of products during the latter stages of storage. One explanation for these results is that protein carbonyls have the potential to maintain the integrity of highly reactive moieties and might be involved in advanced reactions. However, the specific mechanisms behind this observation require further elucidation.
Textural profile analyses
The relationships between in vitro oxidation treatment and protein functionality, such as protein solubility and aggregation, have previously been widely investigated. [5, 31] However, the exact effects of in vitro oxidation treatments on protein gelation properties remain largely misunderstood with little exploration into the combined effects of storage and oxidation. As shown in Figure 2 (a), throughout storage, the non-oxidized gel samples were significantly (P < 0.05) harder than those preoxidized. A reason for this increased rigidity might be due to additional intermolecular cross-linking, such as that through disulfide bonds, which could decrease gel strength by interfering with a uniform gel network formation, thus further reducing the integrity of the gel network. [31, 32] No significant (P > 0.05) effects of storage time on the rigidity of non-oxidized protein gels were found. However, the hardness of pre-oxidized protein gels did increase from 57.6 g, at 0 day of storage, to 75.0 g at 14 days of storage, and then remained constant. Soyer et al. demonstrated [18] that higher protein oxidation resulted in higher hardness values of cooked meat. Improved gelling and emulsifying properties were also observed on mildly oxidized muscle proteins. [33] However, oxidative modifications were considered to lead to polymerization and any massive aggregation might cause deleterious effects in muscle foods. [6] The crosslinks produced by oxidation in meat systems (both Schiff bases and disulphide bonds) have also been considered as a plausible mechanism responsible for the hardening of tough meats. [34] Water holding capacity (WHC)
The effects of oxidative stress on WHC are presented in Figure 2(b) . Oxidation treatment and subsequent refrigeration of MP gels led to significant water purging, which was indicated by the decrease of WHC in MP gel matrices. During the 28-day storage period, the WHC of pre-oxidized proteins and non-oxidized decreased significantly (P < 0.01). Compared to the non-oxidized samples, pre-oxidized samples showed decreased WHC (P < 0.05). These findings were similar to previous reports. [31] It was also noticed that the decreased rate of pre-oxidized samples (decreased 11.64%) was significantly (P < 0.05) higher than the non-oxidized group (decreased 7.16%), which indicates that oxidative stability deteriorated with pre-oxidative stress treatments.
Possible reasons for the impaired WHC are as follows. Firstly, the covalent interactions between and within proteins, such as disulfide and dityrosine bonds, could promote the decrease of WHC. [35] Secondly, oxidative changes could have the capacity to induce carbonylation, carboxylation, and the formation of Schiff bases, which impair the WHC of muscle proteins. [5] It has previously been demonstrated that protein oxidation can adversely impact the WHC of proteins. [36] For protein gels, WHC relies on both protein-water interactions and capillary-force through protein-protein crosslinks. Increased protein crosslinks could reduce water retention interspaces and thus decrease WHC. Recently, intermediary protein oxidation, through compounds like hydrazones, has also been implicated to hamper the WHC of proteins. [5] Microstructure Protein gel textures are closely linked to their microstructures. The microstructures of pre-oxidized and non-oxidized MP gels were observed by SEM images and shown in Figure 3 . Compared to preoxidized samples, non-oxidized proteins formed a more continuous protein network with more uniform and compact structures. It was clear at 7 days of storage that oxidative treatment had led to porous structures, indicating shrinkage of the gel matrix. With increased storage time, some protein cross-links were broken, resulting in the presence of large pores. At the final stage of storage, larger cracks within the gel networks were evident (Figure 4 : e, f, i and h). These resulting voids then have the potential to form channels that allowed for the expulsion of the previously capillary-stabilized water. This could explain the loss of WHC in pre-oxidized samples (Figure 2(b) ). Additionally, oxidative stress could promote an increased protein-protein interaction resulting in large protein aggregates with adverse impacts on ordered protein matrices. Feng et al. reached a similar conclusion whereby it was suggested that oxidation treatment leads to severe protein aggregation and a loose gel matrix. [7] For pre-oxidized protein gels, at 14 days of storage time, some re-established fibrous connections were observed, possibly from newly formed interactions. Such newly formed interactions have previously been described by Lund et al. attributed to dityrosine and disulphide bonds. [37] These covalent bonds formation leaded to protein-protein interaction and shrinkage of the interspace between proteins, which leaded to protein aggregation and thus further extruded immobilized water within protein gels. Hence, it is implied that oxidation treatment could affect water retention ability and water distribution by modifying the stability of protein gel matrices.
Water distribution
Water distribution of gels was measured through the use of low-field NMR, which provides information about diffusive domains in protein gel samples. Curve-fitted distribution results are represented as four water populations: T 2b , T 21 , T 22 , T 23 . Among these, T 2b (< 10 ms) corresponds to the water components that exist in macromolecular structures; T 21 (10-100 ms) is assigned to water tightly associated with protein molecules; T 22 (100-500 ms) refers to immobilized water located within the MP network; and T 23 (1200-2800 ms) represents free water, located outside myofibrillar networks. [24, 38] Typically, slower relaxation times suggest a less limited mobility of protein protons due to tighter gel structure. [24] As seen in Table 1 , oxidation treatments and the storage process showed no significant influence for T 2b . For T 21 of the pre-oxidized protein gel samples, the highest value of 74.33 ms did not occur until 14 days of storage only to then be reduced gradually. It was noticed that T 22 of the pre-oxidized groups continuously decreased throughout the whole storage period, and was significant lower (P < 0.05) than the non-oxidized samples at 0-21 days of storage time, thus indicating a more restricted immobilized water population. Compared to the non-oxidized samples, protein gels subjected to the oxidation treatment had higher T 23 values throughout the whole storage period, indicating a larger mobility of free water molecules, thus explaining the impaired water retention ability. Noticeably, this adverse impact of oxidative stress decreased with longer storage time.
The P 2 values indicated the water distribution proportions amongst these fractions. [38] The effects of oxidation treatment on dominant water distribution proportions, as represented by P 22 and P 23 , are shown in Figure 4 . During 28 days of storage, the P 22 of the pre-oxidized protein gels was significantly lower (P < 0.05) than that of non-oxidized samples, indicating that the oxidation treatment had a strong interference on the interaction between proteins and water, as expected. Oxidative stresses accelerated the decreasing rate of P 22 of protein gels within 14 days of storage (decreased 11.86%), while the non-oxidized groups only decreased by 5.27%. Along with P 22 reduction, P 23 values were all increased significantly (P < 0.05). We therefore conclude that some immobilized water had been transformed into free water and subsequently increased water loss throughout storage, especially in the pre-oxidized groups. Noticeably, for pre-oxidized samples, P 22 and P 23 both did not change significantly (P > 0.05) after 14 days of storage, implying that weak oxidation induced by refrigeration storage had no obvious effect on water immigration.
Relationship between carbonyl content, gelation properties, and water distribution
In order to assess the relationship between protein oxidation and protein gelation qualities with water distribution properties, Pearson's correlation coefficients were calculated ( Table 2) . As reported, [3, 15] significant and negative correlations have also been found between the amount of protein carbonyls and WHC. Unexpectedly, textural hardness showed no significant correlations with carbonyl content, indicating that protein carbonyl groups could not be used as indicators of textural deterioration of MP gels. Relatively, T 2b and P 2b were less correlated with gelation properties and carbonyl formation ( Table 2 ). Meanwhile, WHC had a significant positive correlation with P 22 , and a significant negative correlation with P 23 . These results illustrate that protein gels having higher P 22 and lower P 23 , and could be seen through the dynamic conversion from restrictedly immobilized water to free water. Shao et al. [38] and Han et al. [25] have previously reached similar conclusions about LF-NMR and WHC relationships. We confirmed that protein textural hardness and WHC are significantly correlated, due to the strong and compact gel structure contributing to network uniformity, leading to improved WHC.
Conclusion
The present study demonstrates the significance of in vitro oxidized proteins on the stability of heatinduced MP gels throughout a 28 days refrigeration period at 4°C. We conclude that exposure of MP to an OH-generating system results in an enhanced susceptibility of heat-induced MP gels to undergo increased crosslink formation, leading to undesirable traits in gel-type products such as reduced WHC and impaired gel structures. Evidence from microstructural images implies that oxidation-induced changes to the integrity of matrix porous spaces, along with the restricted water extrusion, reduced the capability of MP gels to hold water. From the water distribution results both T 22 and T 23 , as well as corresponding water distribution proportions P 22 and P 23 , significantly correlated with carbonyl contents and WHC. These results reveal that the water distribution of protein gels subjected to oxidative stress changed during the first 14 days while maintaining consistency for the next 14 days of storage. Thus, it is concluded that gel-type products prepared from oxidatively damaged MP proteins will deteriorate faster than non-oxidized proteins. Table 2 . Correlation among variables in study of the effect of protein oxidization on heat-induced gel storage stability.
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